We have tested the hypothesis that severe lypoxia causes apnea, regardless of the arterial CO2 and pH, and that extreme hypoxia causes gasping. Acute experiments with airway occlusion and with low inspired oxygen (FIo2) were performed on anesthetized adult dogs and monkeys. Arterial oxygen saturation was recorded continuously with fiberoptic oximetry, and Pco2 by an electrode catheter. In addition, blood samples were obtained for Po2, Pco2, and pH. Apnea was induced regularly when the Pao2 fell below 10 torr, whether the Paco2 was high with asphyxia (63 torr) or low (26 torr) with low FIo2. Similarly, the Pao2 at apnea was the same whether the pH was 7.17 with asphyxic hypoxia or 7.46 with hypoxic hypoxia. Gasping occurred at even lower Pao2 (below 5 torr) after 1 or 2 min of apnea. Gasping promptly restored the Pao2 to levels of moderate hypoxia (over 30 torr) which permitted resumption of regular respiration, with gradual elimination of the gasping. Fetal monkeys at term were studied in a similar manner from the moment of cord clamping. Their blood gases with apnea were quite similar to adult values in the narrow range of Pao2 and the wide range of Paco2 and pH. In the fetus, gasping was less immediately effective in improving arterial oxygen, but more persistent than in the adult. 
INTRODUCTION
Apnea is a universal phenomenon in mammals, before birth and with dying. Gasping is also nearly universal at the beginning and end of life. Although these phenomena are literally of vital interest to human physiology and clinical medicine, they have rarely been studied in man, except for posthyperventilation apnea (1, 2) . Animal studies of apnea and gasping are infrequent as well, and usually include experiments on fetuses, inReceived for publicationt 25 September 1974 and in revised form 12 Autgust 1975. volving the first breath. The basis for apnea before birth has not been proven; the first breath at birth has been thought to involve either hypercarbia or hypoxia or both (3, 4) .
Asphyxiation involves hypoxia and hypercarbia, but a primary role for hypoxia in apnea has received little study. Perhaps this stems from the concepts of negative feedback inherent in most models of ventilatory control (5) (6) (7) . These models are based on a linear relationship between Paco2 and ventilation. When Paoa was included in the quantitative description of ventilation by Gray (8) , or in subsequent computer-based models (9, 10) , that relationship was also a conventional negative feedback: the lower the Pao2, the greater the ventilatory response, mediated through the carotid body (11) . Only in the first few days after birth in the preterm infant has a potentially positive feedback mechanism been demonstrated (12) : a mildly reduced inspired oxygen content (FIo2 of 15%) failed to stimulate respiration, and occasionally caused transient apnea. Until 1975 , there were only nonquantitative references to the depressing effects of hypoxia on the respiratory center (13) , and apnea during asphyxia was described merely as exhaustion or "failure" of the system by Milhorn (7) . This year, Morrill et al. reported that 19 torr is the level of alveolar Po2 at which depression of ventilation occurs, but they did not continue to the point of apnea (14) .
In our recent studies in animal models of crib death, incidental observations suggested the possibility that severe hypoxia could produce apnea in mature rats, and that gasping occurred at an extreme stage of asphyxia (15, 16) . The present study was designed to test the hypothesis that severe hypoxia causes apnea, profound hypoxia causes gasping, and restoration of an adequate Paoa is crucial to the restoration of regular respiration. Two forms of hypoxia involving opposite trends in Paco2 were alternated as the initial intervention: hypoxic hypoxia and asphyxic hypoxia. Inhalation of gas with low oxygen stimulated hyperventilation, resulting in a decrease in Paco2 and a rise in pH. The hypoxic gas mixture was continued until apnea occurred. Arterial blood samples were obtained at the moment of apnea for Po2, Pco2, and pH. At that point, room air was substituted to study the effectiveness of subsequent gasping. The asphyxial method involved occlusion of the airway until respirations had ceased. In the adult animals, a cuffed endotracheal tube was utilized, with the cuff inflated. Once apnea had occurred, the airway was opened, allowing spontaneous gasping to resuscitate the animal, if possible. Finally, apnea was produced, either through asphyxia or hypoxia, followed by a low FIo2 until death occurred.
After cannulation and a period for control recordings, the protocol for the fetal monkeys was removal of the condom from the head, and after 1 min, abrupt clamping of the umbilical cord. Results were complete in four of the five; the fifth monkey began spontaneous respiration before preparations were complete.
In the statistical analysis, only the results from discrete blood samples were used. The means and SEM were tabulated. The data from adult dogs and adult monkeys were combined since there were no detectable differences in the two groups. The comparison of means for different anesthetic combinations is based on a separate set of 10 animals, 5 in each category. The means between groups with different treatments were compared for significance with the Student's t test.
RESULTS
When the airway was occluded (Fig. 1) , increased ventilatory effort was followed by relatively abrupt apnea after 127±13 s (mean and SE) in the adult animals.
At the onset of asphyxic apnea, the Paow was 8.1±0.9 torr, the Paco2 was 63±3.1 torr, and the pH was 7.17± 0.02 (Table I) . The airway was reopened as soon as apnea occurred, but no respirations occurred for a mean interval of 151±23 s. Gasping, characterized by infrequent, high amplitude inspiratory efforts, occurred in all but one dog, and in three of four adult monkeys. The gasp usually produced a sharp increase in arterial saturation, but two or three episodes of gasping were required to reestablish regular, more frequent respirations. Although gasping occurred with very few exceptions, successful autoresuscitation occurred in two- (17) none of the animals were gasping and all appeared stable. There were no significant differences upon comparison of the means with the means of Pao2, Paco2, and pH from the adult animals with asphyxiation. After abrupt clamping of the umbilical cord, gasping occurred within 1-5 min (average of 3 min). Unlike the adult animals, there was no change in the arterial saturation after gasping for several minutes (Fig. 2) There were no significant differences when these means were compared with the means obtained in adult asphyxiated animals. When the airway was opened, gasping was quite effective in promptly raising the arterial oxygen saturation, in contrast to the earlier gasping after cord clamping in the same animal.
In all of the animals studied, fetal and adult, the animal was finally terminated by providing 100% nitrogen for inhalation after the primary apnea had occurred. Gasping occurred as before, but since the FIo2 was unchanged, there was no improvement in the arterial saturation, and no regular respirations ever occurred subsequent to gasping. Gasping ceased within 1 min in the adult animals, followed soon by cardiac arrest, but gasping persisted for as much as 30 min in the neonatal animals. This was the only major difference between the neonatal and the older animals relative to apnea and gasping. DISCUSSION Sustained apnea was produced in our experiments at the same Pao2, with either asphyxiation or hypoxic hypoxia. With asphyxiation, the mean Paco2 was 63 and the pH was 7.17, in contrast to 26 and 7.46, respectively, for low FI02. The nearly identical levels of Pao2 at onset of apnea for the two groups thus suggests hypoxia as the primary basis for the apnea. This is in contrast to the claim by Honda et al. (18) that in dogs, even "during intense hypoxia, respiratory drive continues to be attributable to Pco2 or cH, even when they have been reduced far below normal."
In either situation, with high or low C02 and hypoxic apnea, there was a period of apnea (after the cessation of breathing of 2-3 min duration) during which time the circulation was maintained with bradycardia and hypertension, a situation reminiscent of the dive reflex (19, 20) . During the dive reflex, vasoconstriction and bradycardia conserve the oxygen for the cerebral and coronary circulation. As illustrated in Fig. 1 , the arterial oxygen saturation changes very little during the apneic period; with discrete sampling, the Po2 drops only 2 torr, and the Paco2 rises 4 torr. During this period of apnea, resuscitation may be readily accomplished, indicating that this form of apnea is not an irreversible "failure" of the system.
The situation in the fetus before birth is quite similar to this 2-min period of hypoxic apnea in the adult animals, except that the placental circulation permits stabilization of the blood gases at that level. In our neonatal monkeys, the Paoa was not significantly different from the adult level at apnea, although in some of our monkeys, the Pao2 was significantly below that reported in unanesthetized, chronically catheterized fetuses ( 17) .
The most striking aspect of a gasp in the adult animal is seen in the continuous recordings of oxygen saturation and Paco2: even one or two gasps are effective in restoring the arterial oxygen saturation, as long as the circulation is functioning, although there is little observable change in C02. The presence of vasoconstriction makes the improvement in Pao2 even more effective since the two vascular beds which are not constricted, and thus beneficiaries, are the cerebral and coronary circulations (19) . The effectiveness of gasping in the fetus is greatly reduced in terms of oxygen rise, reflecting the fluid-filled lung. However, the durability of the gasp in the fetus is much greater than in the adult. When no inspired oxygen was supplied, the fetus continued to gasp for as much as 30 min before the cardiovascular system failed.
Whether gasping is successful in autoresuscitation may depend on the maturity of the subject, and also on the species. Adult rats were observed to revive themselves repeatedly (15) (20, 21) to revive after gasping occurs. The autopsy findings of victims of sudden infant death syndrome confirm their prior experience with hypoxic episodes (22) .
There are few studies which have attempted to characterize or localize a center for gasping. Dorland's Medical Dictionary does not even list gasp. The Glossary Committee of the International Union of Physiological Sciences defined a gasp as "an abrupt, sudden transient inspiratory effort" (23) . Legallois in 1812 (24) demonstrated gasping in a wide variety of animals, and the longer persistance of gasping in the drowning newborn, compared to older animals of the same species. Using a guillotine for sectioning, he con-cluded that the mechanism for gasping was in the caudal portion of the medulla oblongata. Lumsden performed successive brain stem sections in cats in 1923, and could produce apneustic respirations by sectioning below the pons, gasping by sectioning in the upper or middle medulla, and complete cessation of all respirations by sectioning low in the spinal bulb (25) . Hukuhara and colleagues found gasping could be produced in dogs by transecting the brain stem just caudal to the acoustic striae (26) . Based on their electromyographic recordings, they felt that the gasping type of respiration could be identified by a sustained increase in neural activity to the expiratory muscles, which was abruptly interrupted by inspiratory activity. In our experiments, gasps were distinguished by a slower frequency, a higher amplitude, and a more prolonged expiratory phase.
Gasping in the fetus after interruption of the umbilical cord is not dependent upon peripheral chemiioreceptors (27) (28) (29) . XVoodrum and Hodson, using sinoaortic denervated fetal lambs, have produced gasping with central perfusion of hypoxic, normocarbic blood.' Sodium cyanide is also capable of stimulating gasping in the apneic fetus with denervated peripheral chemoreceptors (30). Jansen and Chernick were able to localize the response to cyanide to the ventral medulla (31) .
Gasping, once initiated bv extremely low Po2, persists for some time after regular respirations resume, and gradually decreases in frequency, but not in amplitude. Although the Pao2 may be restored, apparently there is a longer interval required for cellular recovery. Hukuhara et al. (26) suggested that there was neural inhibition of the gasping center by the normal respiratory center, based on the appearance of gasping wN-ith appropriate brain stem transection. From our studies, it seems more likely that the gasping center is relatively independent, and its threshold and subsequent frequency of firing are related to cellular Po2. If neural competition was effective, the long apneic interval (well over 60 s) before gasping in the asphyxic adult is difficult to explain (Fig. 1) . Similarly, the persistence of frequent gasping in the neonate (third panel of Fig. 2 (14) . This low threshold for depression may account for the brief interval we observed between slow-ing of respiration and apnea, and for the effectiveness of a gasp in restoring normal respiration, since restoration of a Po2 over 20 would be effective.
The effects of hypoxia, viewed as three functionally and anatomically separate mechanisms, may resolve the apparent conflict between the reports of both depression and stimulation by hvpoxia, and may explain the onset of breathing in the newborn, without requiring a control system unique to the fetus. Beginning with a normal Pao2 and down to a Pao2 of 20 torr, there is conventional negative feedback; i.e., the lowxer the Pao2 the greater the stimulus from the sinoaortic chemoreceptors (11) . At a level below 20, central hvpoxic depression occurs, with a potentially positive feedback mechanism. At approxinmately 10 torr, apnea may occur, with relatively little transition between hyperpnea and cessation. Finallv, with even more extreme hypoxia, gasping may originate from an extraordinarily hypoxia-resistaint medullary center. Gasping persists until the arterial oxygen is sufficient to restore normal respiration, or until circulatory failure ends life.
